Reliable sample delivery is essential to biological imaging using X-ray Free Electron Lasers (XFELs). Continuous injection using the Gas Dynamic Virtual Nozzle (GDVN) has proven valuable, particularly for time-resolved studies. However, many important aspects of GDVN functionality have yet to be thoroughly understood and/or refined due to fabrication limitations. We report the application of 2-photon polymerization as a form of high-resolution 3D printing to fabricate highfidelity GDVNs with submicron resolution. This technique allows rapid prototyping of a wide range of different types of nozzles from standard CAD drawings and optimization of crucial dimensions for optimal performance. Three nozzles were tested with pure water to determine general nozzle performance and reproducibility, with nearly reproducible off-axis jetting being the result. X-ray tomography and index matching were successfully used to evaluate the interior nozzle structures and identify the cause of off-axis jetting. Subsequent refinements to fabrication resulted in straight jetting. A performance test of printed nozzles at an XFEL provided high quality femtosecond diffraction patterns.
Introduction

Sample delivery in serial femtosecond crystallography
With peak intensities that are 10 8 -10 10 times greater than those of synchrotron sources [1] and the ability to out-run radiation damage, the X-ray free electron laser (XFEL) has enabled novel methodological advances in protein crystallography using serial femtosecond crystallography (SFX) [2, 3] . Using a liquid stream containing micron or submicron sized hydrated protein crystals running across a pulsed hard X-ray laser beam, snapshot X-ray diffraction patterns from protein microcrystals are recorded and read out at 120 Hz, facilitating sub-picosecond time-resolved diffraction studies at room temperature [4] . Sample delivery in SFX therefore requires transporting millions of sensitive protein crystals of submicron dimensions, often in high vacuum, across the pathway of the pulsed X-ray beam. This can be achieved using a liquid jet formed in a Gas Dynamic Virtual Nozzle (GDVN), which focuses a liquid stream of a suitable buffer solution containing the crystals into the Xray beam. The sample delivery requirement for SFX is to use a physical nozzle large enough to avoid clogging by bioparticles, yet fine enough to match the diameter of the X-ray beam focus, which is about 1 micron. As demonstrated by Gañán-Calvo [5] and later refined for SFX by DePonte et al. [6] , this can be achieved by using an outer high pressure coaxial gas sheath to speed up a liquid stream through gas focusing to produce a much finer liquid stream than the physical nozzle diameter. Unlike conventional solid-walled nozzles, the walls that determine the jet diameter of this "virtual" nozzle are replaced by the sheath gas, which can reduce the jet diameter by a factor of 10 or more because of shear and pressure forces. Consequently, the GDVN can deliver a steady supply of hydrated sample in vacuum for many hours without clogging. Liquid jets of between 2 and 5 microns in diameter are routinely achieved. Submicron jets down to about 0.3 microns in diameter have been demonstrated [7] , which are of importance to the development of single-particle imaging methods. This system has also proven ideal for pump-probe time-resolved X-ray diffraction [4] , and several promising schemes are under development to reduce protein consumption by eliminating the protein that runs to waste between X-ray pulses [8] [9] [10] .
GDVNs commonly consist of one glass capillary situated concentrically inside another [ Fig. 1 ]. The distal end of the inner capillary is tapered and carefully positioned with respect to converging inner walls near the end of the outer capillary. Protein solution is driven with gas pressure through the inner capillary while high-pressure gas (typically helium) is fed into the interstitial space. The large pressure difference between the inside of the nozzle and the surrounding environment ensures a choked-flow condition at the gas aperture whereby the helium gas undergoes nearly sonic expansion that is largely unaffected by the environmental pressure. Due to mass conservation and the incompressibility of the liquid, the mass flow rate is constant, and the liquid must accelerate. The accelerating liquid jet leaves the end of the outer glass capillary as a freely suspended continuous stream that subsequently breaks up into droplets due to the Rayleigh -Plateau instability [11] [ Fig. 1 ]. , showing an undistorted view of the gas aperture profile and inner capillary position, as well as a laser-cut Kapton spacer for centering. The end of the outer glass capillary has been ground to a bevel to allow unshadowed wide angle X-ray diffraction. The contour indicated by the red line was used to derive the CAD model for the 3D printed nozzle.
Improved nozzles through 3D microfabrication
Traditional GDVN fabrication begins by melting the end of the outer glass capillary with a flame to form the converging inner profile that chokes the gas flow. The capillary end is then ground with an abrasive polishing disk to create a beveled exterior that allows for wide-angle x-ray diffraction without shadowing the diffracted radiation [ Fig. 1(c) ]. The opposite end of this outer capillary is inserted into a 5 cm section of stainless steel tubing and glued in place, such that the gas aperture protrudes from the end by several millimeters. The distal end of the smaller glass capillary, which is commercially coated with polyimide to prevent fracturing, is ground until it forms a truncated cone with a sharp rim. This end is inserted into the outer capillary and carefully positioned. Axial centering of the inner capillary is accomplished either with small, laser-cut Kapton supports or by using an outer capillary with a square inner cross section. In the latter case the flame polished end transitions from a square to a circular cross section, allowing the round conical tip of the inner capillary to be wedged in place without sealing off the gas flow [6, 12] .
This manual fabrication yields nozzles with variable jetting characteristics and limits scaling up of production. Each handmade nozzle is unique and careful testing is often required to validate assembled nozzles for use at a beamtime. Furthermore, flame polishing and grinding glass capillaries limits design versatility and capacity for ongoing nozzle development, e.g. micromixing and on-demand delivery for reduction of protein consumption. Hence, other microfabrication techniques are highly desired to improve resolution, repeatability, and yield. For example GDVN injectors fabricated through softlitography in polydimethylsiloxane (PDMS) have been demonstrated [13, 14] . However, soft lithography is essentially limited to planar, multilayered structures that may not be sufficiently robust for the high-and low-pressure extremes of SFX. Also, injection molding with sintering has been used to form a strong, high-resolution ceramic outer gas aperture [15] . Yet, injection molding is generally limited to purely convergent inner profiles without cavities. An ideal fabrication method can build all critical GDVN components in a robust material using a single process to an arbitrarily designed shape. Recent advances in femtosecond direct laser writing now offer the ability to write both the internal and external GDVN-sized structures at high resolution in robust polymer materials in an arbitrarily three dimensional geometry within hours [16, 17] . By utilizing a 2-photon polymerization (2PP) process, it enables 3D printing of microstructures with a resolution well beyond other highresolution 3D printing technologies like UV laser microstereolithography, for instance [18, 19] . This is achieved by tightly focusing a laser into a photosensitive material, and only in a small region near the focus is the light intensity high enough to trigger a non-linear light absorption process that photopolymerizes and hence solidifies the material locally. Sub-100 nm spatial resolution has been shown, and by moving the absorbing medium relative to the laser or vice versa in a precise and controlled manner, complex 3D high-resolution structures are realized [20, 21] .
In this study, we 3D printed nozzle tips using the Photonic Professional GT (Nanoscribe GmbH, Karlsruhe, Germany) [22] . Submicron resolution printing was performed within many 400 x 400 x 10 µm 3 (or smaller) units that were stitched together to form a 3D printed GDVN with a total volume of about 1 mm 3 in less than four hours.
For a basic test of functionality, two nozzles were printed using different photoresists: IP-S and IP-L. Following these tests IP-S was selected as the medium for an additional set of nine nozzles and printed successively over a single weekend to test for reproducibility. Indexmatching optical microscopy [23] and X-ray tomography were used to analyze the internal structure of the nozzles. Protocols were adjusted to improve fabrication, and additional nozzles were printed for additional jetting performance tests. Nozzles were also used in serial crystallography experiments using the X-ray beam at the Linac Coherent Light Source (LCLS) XFEL at SLAC to collect X-ray diffraction patterns.
Fabrication
Nozzle design
We designed our nozzle for 3D printing using AutoCAD 2014 (Autodesk, Mill Valley, CA) to match the profile of the reference GDVN, which was fabricated using traditionally polished glass capillaries shown in Fig. 1 and known to produce a straight and steady jet. Jet formation and stability are most affected by the shape and relative position of the inner and outer nozzle housing near the exit orifice. We thus digitized line segments from one side of the profile of the reference GDVN and then revolved them around the flow axis into a 3D geometry. We added rib-like supports to firmly center the inner nozzle and entry ports to receive capillaries for liquid and gas supply. To minimize printing time, we made the nozzle as small as possible, while leaving orifice walls thick enough to withstand high gas and liquid pressures and the ports large enough to feasibly connect liquid and gas supply lines. The final nozzle design had a diameter and height of about 1 mm each [ Fig. 2 ].
A prior fabrication trial indicated that for an annular array of 8 rectangular gas channels (each with a beginning hydraulic diameter of 70 µm 2 , ending hydraulic diameter of 55 µm 2 , and length of 675 µm) and a straight-bore central liquid channel of 50 µm 2 circular cross section and 477 µm length, at least 50 minutes of development in acetone was required to remove enough uncured photoresist for helium gas and water to traverse the channel system. Several design characteristics were subsequently included to ensure good access of the developer into the internal structure to fully develop uncured resin out of the internal volume, while also minimizing the required development time [ Fig. 2 ]. A 50-μm inner / 150-μm outer diameter capillary with a cone profile was used to minimize the length of the inner channel of the printed nozzle, while maximizing the volume of the surrounding gas cavity (in prior trials, a 50-μm inner / 360-μm outer diameter capillary with a flat face was used). The lower end of the inner nozzle housing was tapered to form a bulb-like profile. To avoid trapping photoresist within the gas cavity and the inner capillary receiving port, three semicircular voids were included in the cylindrical sidewall of the outer housing, and the base of the inner nozzle housing was elevated above the substrate. The outer nozzle hull was tethered to the inner nozzle housing with two sets of supports. Each set consists of three support ribs positioned 120° apart with respect to the central axis. A fillet around the entrance of the inner capillary receiving port provides a "glue-guide". After the liquid supply capillary is inserted, this recess provides a pathway for a droplet of epoxy to be drawn completely around the capillary through capillary action, bypassing any need for multiple applications of glue and/or complicated movement by the applicator, nozzle, or capillary structures.
The overhanging structure that rests upon the outer capillary abutment provides the stopping point for when the entire structure (including the glued-in sample capillary) is inserted into and glued to a tube to act as a carrier for gas to flow coaxially around the inner capillary. The diameter of the cylindrical base was made to match the inner diameter of the gas transport tube, so that ideally the inserted nozzle would be held in place by friction while gluing.
The buoyancy of cured resin can result in the dislocation of printed features if the stiffness of the printed geometry is not sufficient to resist flexing. A printing simulation was performed using the native software of the Photonic Professional GT to identify and correct for freefloating structures that would occur during the printing process. With the exception of the abutment described above, unwanted flexing of printed materials was prevented by including fillets throughout the design to provide a continuous transition from vertical to horizontal geometries. The fillets also functioned to increased the overall strength of the printed nozzle and to provide more favorable gas flow.
3D printing
The 3D nozzle geometry, defined in STL file format, was converted into a print job file that specified required printer operations for fabrication using NanoWrite (Nanoscribe GmbH, Karlsruhe, Germany). A set of nine nozzles were printed on the Photonic Professional GT system using a 25x, NA = 0.8 objective lens with a slicing distance of 1 µm and hatching distance of 0.5 µm. In theory, the used objective lens illuminates a point spread function with a full width at half maximum of 0.6 µm in x-y and 3.4 µm in z. Overlap of voxels according to the printing parameters mentioned above resulted in submicron resolution printing with the exception of the stitched planes. The placement of units was chosen to prevent vertical stitching planes from intersecting the liquid flow axis. The preference of nozzles printed in IP-S resist over nozzles printed in IP-L resist was established when the inner nozzle housing of an IP-L resist nozzle became completely detached from the lower support ribs during the mounting process described below in section 2.5. The same mounting process was performed with nozzles formed in IP-S resist with no structural failure.
Nozzle development
IP-S nozzles were developed by incubation (unstirred) in mr-DEV 600 (micro resist technology GmbH, Berlin, Germany) for 10 minutes to solvate bulk IP-S resist situated around the nozzle. The nozzles were then transferred into fresh mr-DEV 600 and developed for 45 minutes followed by a 10 minute wash in an isopropanol bath. Nozzles were then allowed to dry on a clean glass surface in air for 10 minutes. Subsequent development-washdry cycles used the same solutions and incubation times, with the only addition of applying a 200 mBar vacuum during the first 15 minutes of the 45 minutes of the mr-DEV 600 development step. This was necessary to evacuate air pockets out of the internal geometry to allow for equal incubation of all internal structures. 
Nozzle imaging
The stitching interfaces between 400 x 400 x 10 µm 3 units were visible with optical microscopy as parabolic cross-sections through the cone of the nozzle and horizontal marks [ Fig. 3(a) ]. Bright field microscopy with index-matching by immersion in glycerol confirmed the 10-µm spacing and gave a projected view of both types of stitching with appropriate illumination [ Fig. 3(b) ]. The horizontal slices all look identical at this resolution. The submicron resolution printing within the 400 x 400 x 10 µm 3 units resulted in a smooth and continuous appearance with the exception of possible disruptions in the continuity of the sidewall profile appeared as shallow 1 to 2 µm-sized dips at the edge of each horizontal stitched region [see inset of Fig. 3(b) ]. Stitching errors around the circumference of the nozzle were more apparent, ranging from 1 to 5 µm [inset of Fig. 3(a) ]. These errors were likely the result of upward buoyant flexing of the overhanging structure during printing [ Fig. 4(d) ], as opposed to inaccuracy of the printing system itself. Inspection of nozzles using bright field microscopy in glycerol and X-ray tomography revealed a characteristic accumulation of material at the nozzle orifice, which was fully removed with a revised development protocol [ Fig. 4 ]. In all nozzles imaged, an accumulation of material was obscuring the gas orifice to varying degrees [ Fig. 4 (a)-4(e)]. The original edge of the printed profile can be seen in the index-matched images, suggesting post-printing deposition and curing [ Fig. 4 (b)-4(c)]. To better deduce these depositions and their three dimensional extent at high resolution, we acquired full X-ray tomography data sets for three nozzle tips that were still adherent to the ITO glass printing substrate after development [ Fig.  4(d) ]. Initial tomography experiments were conducted at the TopoTomo beam line at ANKA, Karlsruhe, Germany [24] using a filtered white beam mode with 0.5 mm Aluminum, an indirect detector consisting of an Lu 2 SiO 5 12 µm thick scintillating screen, 10x magnification objective lens and PCO.dimax camera with an effective pixel size of 1.22 µm. Resulting projections were flat field corrected to remove background defects before the phases were retrieved [25] to increase contrast. A filtered backprojection algorithm [26] was then used to reconstruct 3D volumes from the preprocessed projected thickness data. Obtained 3D reconstructions were analyzed as 3D surface renderings using VGstudio MAX software suite (Volume Graphics GmbH, Heidelberg, Germany). In all three tomographic nozzle reconstructions the depositions formed a similar aperture that fully surrounded the tip at the narrowest section between inner and outer orifice [ Fig. 4(e) ]. In all cases these apertures had a pronounced acentric opening, likely resulting in uneven sheath gas flow. From the imaging we concluded that the depositions form after development when the developer solution is allowed to dry away. The evaporating droplet of developer solution remaining inside the nozzle tip likely becomes pinned to the narrow section between inner and outer orifice. While continuously shrinking this droplet can lower its overall surface tension by following the tapered structure until it has condensed into a thin enough sheet that can rupture spontaneously. Such a process would concentrate any amount of resin not yet solubilized in the internal nozzle structure into the thin wedge close to the orifice. To avoid this undesired deposition, we accordingly revised our development protocol to develop, wash and dry at least three times [ Fig. 4(f) and 4(g) ]. The tomogram of the nozzle tip after three development cycles was recorded at the Helmholtz-Zentrum Geesthacht operated PETRA III beamline P05 at DESY, Hamburg, Germany. The scan was performed in 1800 projections using a monochromatic x-ray beam at 14 keV in absorbtion contrast mode. With an effective pixel size of 660 nm and a 100 µm thick CdWO 4 scintillator a spatial resolution of ~1 µm was achieved.
Connecting sample lines
To interface our 3D printed nozzle tip we used a custom mounting stage with a PatchStar micromanipulator (Scientifica, East Sussex, UK) to glue the liquid and gas supply lines into place [ Fig. 5 (a) and 5(b)]. The 3D printed nozzle was held in place using vacuum tweezers that were fitted with a custom headpiece. A MicroTight union from IDEX was attached to an arm extending from the face of a 3-axis micrometer stage. After removing debris and liquid from the cone grinding process, the inner capillary was fed in reverse through the union and held in place with MicroTight fittings. With the vacuum tweezers holding the 3D printed nozzle in place, the distal end of the inner liquid capillary was inserted into the central receiving port of the printed nozzle using the micrometer stage. Once in place, the vacuum tweezer system was turned off.
By design there was a slight mismatch in angle between the inserted capillary cone and the cone profile of the receiving port. The angle of the capillary was chosen to be "sharper" to allow the glass tip of the inserted capillary to make hard contact with the nozzle structure at the capillary tip, providing a hard barrier to prevent glue from spilling over but allowing room for glue to optimally fill in the void.
A drop of fast-curing epoxy (Devcon or Hardman) was put in contact with the end of a hypodermic needle that was attached to the micromanipulator [ Fig. 5(c) ] so that a small glue sphere adhered to the needle tip. The needle tip was positioned near the gluing target with preprogrammed coordinates and then controlled manually for the gluing process.
The "glue guide" worked as intended and drew the epoxy completely around the inserted capillary using surface forces [ Fig. 5(c) ]. The glue finds its way around the capillary at a much faster rate than the rate at which it is drawn coaxially up the much smaller cavity between the capillary outer wall and the receiving port wall. Once the annulus is filled, the glue propagates upwards in an approximately uniform manner.
We have found experimentally that the size and shape of the glue guide has a bearing on the ease of application. With the glue on the end of an applicator forming naturally into a sphere, a concave-down curvature intersects with the incident glue sphere in a manner that assures the initial point of contact is within the glue guide. This is important since glue that is applied at unintended locations within the inner nozzle structure may affect nozzle performance. The epoxy bond between the sample capillary and the printed nozzle was allowed to fully cure overnight. The mounting stage was then modified slightly by replacing the vacuum tweezers with the gas transport tube, and then repositioning the apparatus that formerly held the vacuum tweezers so that the applicator needle could approach the nozzle directly from the side. Some nozzles were connected to stainless steel gas transport tubes, which had previously been given a steep bevel to match or exceed the nozzle angle. Stainless steel was chosen in lieu of glass to make the finished nozzle more robust against accidental breakage. However, other nozzles were connected to glass gas transport tubes, so that the inside was visible. The gas transport tubes were placed in the apparatus that formerly held the vacuum tweezers. The nozzle was then inserted into the distal end of the gas transport tube and ideally held in place by friction (although the nozzle was designed to match precisely with the stainless steel gas transport tubes, the inner diameter of the glass gas transport tubes did not match closely enough to hold the nozzles with friction and were much more difficult to glue). Epoxy was applied to the boundary using the micromanipulator [ Fig. 5(d) ], while the gas transport tube was rotated by hand. A second glass capillary was inserted into the proximal end of the gas transport tube to introduce the Helium sheath gas. Finally, the proximal end of the tube was sealed with epoxy in order to provide a gas-tight seal and to fix all capillaries in place. After the epoxy was fully cured, the stainless steel tube was attached to a standard GDVN holder, which in turn has connections to the nozzle rods used for in-vacuum sample injection [27] .
Results
In-lab nozzle testing
Three nozzles from the initial set of nine nozzles were tested with pure water and helium gas to determine whether the printing resolution and symmetry were sufficient to produce a straight jet and to test whether the nozzles performed without fracturing. The minimum helium gas pressure and water flow rate that could be achieved without slipping from continuous jetting into a dripping mode was determined. These nozzles did not jet straight in either vacuum or atmosphere. A 100-µm inner diameter capillary of approximately 2 meters in length was used for the gas supply line with a minimum operational gas pressure for the 3D printed nozzles of about 50 psi as measured upstream of the supply capillary (300 to 500 psi is typical of handmade GDVNs). The minimum sample flow rate was 5 µl/min (5 to 20 µl/min is typical of handmade GDVNs). Fig. 6 . Nozzle performance when jetting water in vacuum, comparing the use of one development-wash-rinse to the use of three cycles. An angular deviation of about 6° relative to the nozzle axis was observed when using one cycle, whereas when 3 cycles were used the measured angular deviation was less than 1°. Nozzles are rotated by 60° between subsequent images as indicated by the red line in the schematics on the left column.
Comparative views for the three nozzles were collected by taking videos of each nozzle jetting while rotating each GDVN holder around its flow axis. For these tests helium gas pressure, water flow rate, and supply capillary length were made as identical as possible by maintaining the helium gas regulator in a fixed position between nozzle changes, using an inline digital liquid flow meter (Sensirion), and cutting the capillaries to equal lengths of 200 ± 1 cm. Bringing the gas supply capillaries to equal length was necessary to ensure equal flow resistance (i.e. equal gas mass flow rate) at the given pressure. It was necessary to refocus the microscope at times due to slight disagreement of the nozzle flow axis with the rotation axis. Imaging points during rotation were chosen at 60° intervals based on centering the cylindrical outer sidewall of the nozzle as shown in Fig. 6 . Corrective image rotations using imageediting software were performed so that the apparent nozzle cone angle was symmetric horizontally about the image window. Collections of these images as captured in sequence were compared side-by-side and matched according to the angular deviation of the jet from the nozzle axis. We found that the projected angle of the jet trajectory for the three nozzles varied one from another by no more than 2.5°, and each of these nozzles showed a maximum off-axis angle of about 6°.
A nozzle that was fabricated with the revised development procedure was connected to supply lines and tested with pure water. The resulting jet appeared straight and the gas pressure required for operation was comparable to the glass-based GDVN. Measurements were taken at 60° rotations, and a maximum off-axis angle of 0.9° was observed [ Fig. 6 ].
Serial crystallography
Two of the off-axis-trajectory nozzles were used in serial femtosecond crystallography experiments (SFX) at the CXI endstation at the Linac Coherent Light Source (LCLS, a freeelectron X-ray laser) to test whether the surface interaction of IP-S resist material with protein crystals preserves diffraction quality and to verify that the background signal from the IP-S resist material was sufficiently low for successful SFX data collection. Figure 7 (a) shows X-ray scattering from a glass capillary GDVN (red) compared to that from a 3D printed nozzle running the same sample solution (blue) and when no sample was running (green). The solid lines are mean radial intensities, with the shaded region bounded by the mean absolute deviation (MAD) from the mean. To compensate for potentially different liquid stream diameters between the printed nozzle and glass capillary GDVN, the mean radial intensity of the printed nozzle data were scaled by 0.5 to be equal to the glass capillary scattering at 2Å. Scattering from the printed nozzle is weak [green line in Fig. 7 (a)], with a broad peak centered at ~5 Å. This additional background scattering (blue line) will not affect the integrated background-subtracted Bragg intensities in SFX data as the background is calculated locally around each Bragg spot. For a weak diffraction signal from a crystal, the background scattering from the printed nozzle would lead to a very slight decrease in the signal to noise ratio of peaks around 5Å resolution. For high intensity crystal diffraction spots, the decrease in the signal to noise ratio would be negligible. These intensities were collected minutes apart, with the same statistical fluctuations in the incident X-ray flux. The particularly large MAD values in the glass capillary GDVN data set are due to fluctuations in the thickness of the liquid stream intersected by the X-ray beam. The XFEL pulses had a mean energy of 8.7 keV, 40 fs duration, and the detector was 138 mm from the interaction region. Figure 8 shows a cytochrome c oxidase microcrystal diffraction pattern from these test runs, with sharp Bragg spots extending to 4 Å resolution. Fig. 7 . (a) X-ray scattering from 3D printed nozzle with (blue) and without sample (green) compared to scattering from a glass capillary GDVN running the same sample (red). The mean radial intensities are plotted as solid lines. The shaded region is bounded by the mean absolute deviation from the mean. The broad peak centered on 3.3Å is from the aqueous buffer, and the small peak at ~5 Å is from the printed nozzle. (b) Background scattering from 3D printed nozzle without sample running, from 2 orientations of the nozzle, rotated by 30° about the nozzle axis. Figure 7 (b) shows radial scattering profiles from the same printed nozzle in two orientations (rotated by 30° about the liquid flow axis), without liquid flowing. These measurements were obtained during a different LCLS experiment, at the same X-ray energy, but with a detector distance of 85 mm. The two orientations of the nozzle produce slight shifts in the resolution and intensity of the diffuse scattering peak from the nozzle, but neither orientation leads to strong scattering signals that would affect SFX data deleteriously.
Discussion and conclusions
Using 2PP we could 3D print functional GDVNs suitable for SFX sample delivery. The initial prints resulted in off-axis jetting and an unusually low operational range for the helium gas pressure. These constricted nozzles were successfully used in SFX experiments. The unusually low helium gas pressure range was beneficial in this case since a reduction in helium gas mass flow rate reduces the likelihood of damage to sensitive detector equipment in vacuum chambers that arises when helium levels are sufficiently high for electrical arcing to occur. Consequently, it may be worth intentionally printing an axially symmetric constriction in future designs. Through multiple development cycles we achieved complete development of the internal nozzle geometry and resulting in straight jetting at operating gas pressures within the typical range of hand-made glass GDVNs.
Index-matching and X-ray tomography proved to be complementary means for imaging interior nozzle structures to optimize nozzle design and fabrication. Index-matching clearly revealed the original sidewall profile beneath the suspected depositions, and X-ray tomography enabled exploration of the defect in detail. Glycerol index-matching was more readily implemented than X-ray imaging, as only an optical microscope and glycerol medium was required, instead of access to a suitable X-ray facility. X-ray tomography in turn provided for a full 3D analysis of the internal nozzle geometry at higher resolution. Aside from improved resolution due to their shorter wavelength, imaging with X-rays compared to optical light is also much less sensitive to refractive index mismatches between nozzle resin, liquid sample and surrounding sheath gas. We hence anticipate X-ray radiography to enable unprecedented imaging of mixing dynamics and laminar flow regimes during liquid jet formation, which are difficult to quantify using standard optical or fluorescent microscopy.
In actual SFX sample delivery it was confirmed that the photoresist material itself did not adversely affect protein crystal diffraction. In most respects, the printed nozzle performance was no different than the performance of hand-ground glass GDVNs, while benefitting from the lower-than-normal helium gas pressure as described above. The successful acquisition of SFX diffraction implies that 2PP 3D printed nozzles can be a suitable alternative to conventional GDVN nozzles. Producing and testing a new design is straightforward and does not require new tooling, which in the case of injection molding may require several weeks to prepare. Hence, we anticipate the 2PP 3D printing to be very useful in complementing computer simulations of nozzle jetting to iteratively optimize a new nozzle design quickly.
A particularly intriguing feature of the 2PP 3D printing process is the ability to fabricate nested structures, which are difficult or even impossible to achieve in conventional glass capillary, injection mold, or soft lithography based GDVN nozzles. This ability to overcome geometry constraints imposed by traditional fabrication processes will facilitate the development of new types of injectors such as for solution scattering, single-particle imaging, mixing nozzles, flow focusing and pulsed jets. We demonstrated that repeated developmentwash-rinse cycles are a suitable approach to develop internal structures, which should enable fabrication of more complex internal geometries in the future.
Further work is needed to optimize design features, printing conditions and resist development procedures to further improve printing speed, yield and overall jetting performance. Additional work includes eliminating the need for the micromanipulatorassisted assembly in this study. This may be achieved by directly printing nozzles to interface seamlessly with a standardized manifold for sample injection.
